CONCLUSIONS: Oral glucose mobilizes TGs stored within enterocyte CLDs to provide substrate for CM synthesis and secretion. Future studies elucidating the underlying signaling pathways may provide mechanistic insights that lead to the development of novel therapeutics for the treatment of hypertriglyceridemia. (Cell Mol Gastroenterol Hepatol 2019;7:313-337; https://doi.
Glucose ingestion mobilizes lipids stored in cytoplasmic lipid droplets in intestinal enterocytes.
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Glucose Cytoplasm ER Golgi/ SV Lymph Blood SUMMARY Triglycerides are retained in the human gut long after ingestion of dietary fat. Oral glucose subsequently mobilizes triglyceride stores from the gut by recruiting cytoplasmic lipid droplets for chylomicron synthesis and secretion.
BACKGROUND & AIMS:
The small intestine regulates plasma triglyceride (TG) concentration. Within enterocytes, dietary TGs are packaged into chylomicrons (CMs) for secretion or stored temporarily in cytoplasmic lipid droplets (CLDs) until further mobilization. We and others have shown that oral and intravenous glucose enhances CM particle secretion in human beings, however, the mechanisms through which this occurs are incompletely understood.
METHODS: Two separate cohorts of participants ingested a highfat liquid meal and, 5 hours later, were assigned randomly to ingest either a glucose solution or an equivalent volume of water. In 1 group (N ¼ 6), plasma and lipoprotein TG responses were assessed in a randomized cross-over study. In a separate group (N ¼ 24), duodenal biopsy specimens were obtained 1 hour after ingestion of glucose or water. Ultrastructural and proteomic analyses were performed on duodenal biopsy specimens.
RESULTS: Compared with water, glucose ingestion increased circulating TGs within 30 minutes, mainly in the CM fraction. It decreased the total number of CLDs and the proportion of large-sized CLDs within enterocytes. We identified 2919 proteins in human duodenal tissue, 270 of which are related to lipid metabolism and 134 of which were differentially present in response to glucose compared with water ingestion.
See editorial on page 291.
H ypertriglyceridemia, resulting from accumulation of circulating triglyceride (TG)-rich lipoprotein (TRL) particles in both fasting and postprandial states, is a highly prevalent condition and a significant risk factor for cardiovascular disease. 1 TGs, the main form of dietary fat, are hydrolyzed into fatty acids (FAs), glycerol, and monoglycerides by digestive enzymes in the intestinal lumen.
These digestive products of dietary TGs are taken up by absorptive cells of the small intestine (enterocytes), where the majority of re-esterified TG is packaged into chylomicrons (CMs) and secreted into the circulation via the lymphatic system. 2 There is increasing evidence that, beyond the dominant regulation by lipid substrate availability, the intestine actively participates in the regulation of whole-body lipid metabolism via nutrient, hormonal, metabolic, and neural regulatory pathways. 3 Aside from rapid TG incorporation into CMs, the intestine can store a considerable quantity of fat for several hours after the absorptive phase. 4 Studies in human beings suggest that dietary lipids originating from an earlier highfat meal may contribute to CM TG after prolonged storage in the gut. [5] [6] [7] [8] In addition, abundant lipid droplets are detected in human enterocytes 6 hours after ingestion of a high-fat liquid meal, 9 and in mice up to 12 hours after an oral fat gavage. 10 The exact site(s) of retained intestinal lipid stores and the quantity stored in each location have not been well characterized. Lipid droplets have been visualized in the cytoplasm of jejunal enterocytes in human beings 9 and mice, 10 and CMs have been observed in intracellular secretory pathways, in the lamina propria, and lacteals of the mesenteric lymphatics in human beings 9 and rodents. [10] [11] [12] Cytoplasmic lipid droplets (CLDs) are the best studied of these various lipid pools with respect to lipid storage and mobilization. CLDs consist of a neutral lipid core surrounded by a phospholipid monolayer. Numerous CLDassociated proteins have been identified and several have been shown to regulate CLD storage and metabolism. 13, 14 The exact role of CLDs in the process of dietary fat absorption and their contribution to CM assembly and secretion is unknown, but studies in mice have indicated that CLD stores undergo dynamic changes in response to a dietary fat challenge. 15 Therefore, it is thought that CLDs may function as a temporary storage pool of neutral lipids for incorporation in CMs at later time points. 16, 17 Various dietary and hormonal factors play a role in mobilizing TGs stored within enterocytes from a previous meal. Several stimuli, including mixed meals, 18 glucose ingestion, 9 the gut hormone glucagon-like peptide-2 (GLP-2), 19 and sham fat feeding, 8 may trigger the mobilization of intestinal lipid stores. Ingestion of a mixed meal after a previous high-fat meal has been shown to elicit a peak in plasma TGs before the absorption of lipid from the current meal. 20 Glucose ingestion 5 hours after a high-fat meal decreases lipid stores in human enterocytes. 9 In healthy men, under the conditions of constant intraduodenal feeding and a pancreatic clamp, subcutaneous injection of GLP-2 caused a rapid and transient increase in plasma TGs and TRL particles. 19 In the latter study we showed that GLP-2 mobilized lipid that was ingested 7 hours earlier, which likely was retained in 1 or more of the earlier-mentioned intestinal lipid pools. 19 Furthermore, sham fat feeding was shown to stimulate CM secretion, suggesting the involvement of a neural regulatory pathway in intestinal lipid mobilization. 8 Collectively, mounting evidence supports the existence of TG stores in the human intestine that are subject to release in response to certain stimuli. However, the specific mechanism(s) by which mobilization of intestinal TG stores occurs remain unclear.
The goal of this study was to investigate the mechanism by which oral glucose mobilizes TGs stored within enterocytes in human beings and to identify the specific lipid pools that are mobilized. In each experiment, participants ingested a high-fat liquid meal and, 5 hours later, ingested glucose or water. In aim 1, in vivo circulating lipid responses to oral glucose were examined. In aim 2, duodenal biopsy specimens were obtained and ultrastructural and molecular responses were characterized.
Results
Oral Glucose Ingested 5 Hours After a High-Fat Liquid Meal Acutely Increases Plasma TG Concentration
Lipid responses to oral glucose and water were measured in 6 healthy participants (Table 1 ) in a study design illustrated in Figure 1A . As anticipated in aim 1, plasma glucose levels increased in response to the ingestion of glucose, but not water ( Figure 1B) . After glucose ingestion, plasma insulin levels also increased from a basal level of approximately 30 pmol/L to peak at approximately 150 pmol/L at 30 minutes, followed by a gradual decline to basal level 2 hours later ( Figure 1C ). In both groups plasma TGs increased to a postprandial peak at approximately 3 hours after fat ingestion before decreasing toward baseline ( Figure 1D ). With water ingestion, the decrease in plasma TGs continued unabated and approached basal levels at approximately 7 hours. However, after glucose ingestion, plasma TGs plateaued during the following 2 hours (P ¼ .024 glucose vs water).
Oral Glucose Ingested 5 Hours After a High-Fat Liquid Meal Increased TGs in Total and CM-Sized, but Not in Smaller Very-Low-Density Lipoprotein-Sized, TRL Particles in the Circulation Circulating total TRL TG tended to be higher after glucose vs water ingestion (P ¼ .091) ( Figure 1E ). To identify whether large or small TRLs were most responsible for the increase in plasma and TRL TGs after glucose ingestion, TRLs were separated further by ultracentrifugation into larger CM-sized particles (Svedberg flotation > 400, predominantly comprising CMs) and smaller very-low-density lipoprotein (VLDL)-sized particles (Svedberg flotation 20-400, likely comprising both hepatically derived VLDL particles and smaller, intestinally derived CMs). An increase in TGs in the larger CM-sized TRL particles was observed with glucose ingestion (P ¼ .049, analysis of variance) ( Figure 1F ). Despite interindividual variations, as is the usual case for most human mechanistic studies, the response was statistically significant because each subject showed a response to glucose, either a reversal of the decrease or an attenuated decrease. Changes in the smaller VLDL-sized TRL particles were similar with both glucose and water ingestion (P ¼ .340) ( Figure 1G ). These results suggest that the increase in plasma TGs in response to glucose ingestion was owing exclusively to an increase in CM-sized TRL particles.
Presence of Lipid Pools Within the Intestinal Mucosa
Duodenal biopsy specimens were obtained 1 hour after glucose or water ingestion from 24 participants ( Table 2) .
Enterocytes within biopsy specimens were subjected to ultrastructural analysis using transmission electron microscopy. Consistent with previous observations, the duodenal samples obtained 6 hours after fat ingestion contained considerable quantities of lipids both intracellularly and extracellularly ( Figure 2A ). Within enterocytes, lipids were observed in large CLDs ( Figure 2B ), in smaller lipid droplets within the endoplasmic reticulum (ER) ( Figure 2C ), and within the Golgi ( Figure 2D ). In addition, secreted CMs were present in the intercellular spaces between enterocytes. Overall, the enterocyte ultrastructure and lipid pools observed in human duodenal enterocytes appeared similar to what has been observed previously in mice. 12 After an overnight fast, subjects ingested a high-fat liquid meal and 5 hours later ingested a glucose solution or equivalent volume of water in 2 randomized visits. (B) Blood glucose and (C) insulin concentrations during the study period. (D) TG concentrations in plasma during the study period, expressed as a percentage of baseline. (E-G) TG concentrations in total TRL, CM-sized TRL, and VLDL-sized TRL 2 hours after glucose or water ingestion, expressed as the percentage of levels at t ¼ 5 hours. Arrows indicate time of glucose or water ingestion. All P values were with repeated-measures analysis of variance between 5 and 7 hours. 
Oral Glucose Mobilizes Enterocyte CLD Stores
We performed quantitative analyses of enterocyte CLDs in duodenal biopsy specimens obtained in a design similar to that of aim 1 ( Figure 3A ). After glucose and water ingestion, 34% and 44% of enterocytes per biopsy sample contained CLDs, respectively ( Figure 3B ) (P ¼ .14). In the samples containing CLDs, there were fewer CLDs per cell in response to glucose compared with water ( Figure 3C ) (P ¼ .02). Although the average diameters (P ¼ .18) and areas (P ¼ .17) of individual CLDs were not significantly different between treatments (data not shown), there were differences in the CLD diameter distributions, with more CLDs falling into the smaller size ranges and fewer into larger size ranges after glucose compared with water ingestion ( Figure 3D ) (P ¼ .03). However, the difference between treatments in total CLD area per enterocyte did not reach statistical significance ( Figure 3E ) (P ¼ .11). We also assessed the amount of lipids within the secretory pathway in enterocytes, which included lipids in the ER, Golgi, and Golgi-derived secretory vesicles. There were no significant differences in the proportion of biopsy specimens containing low, moderate, and high amounts of secretory lipids in response to glucose compared with water ingestion ( Figure 3F ) (P ¼ .29, Fisher exact test). Taken together, glucose ingestion resulted in fewer CLDs in enterocytes and a shift toward smaller-sized CLDs.
Oral Glucose Does Not Mobilize Lipids Within Enterocytes After Delayed Fasting
To investigate whether glucose mobilization of intestinal lipid stores persists after more prolonged fasting, a separate group of subjects (Table 3) ingested glucose or water 9 hours after the high-fat liquid meal. Duodenal biopsy specimens were collected 1 hour later (10 hours after ingesting the high-fat liquid meal). Under these conditions, no stimulatory effect of glucose on lipid mobilization was observed. There were no significant differences in the percentage of cells with CLDs, CLD number or size, or in the amount of lipids within the secretory pathway in enterocytes in response to glucose compared with water ingestion (Figure 4 ). This likely was owing to a lower proportion of enterocytes containing CLDs after prolonged fasting compared with the 6-hour fast ( Figure 5 ). Thus, mobilization of enterocyte CLDs by oral glucose appears to depend on the presence of a sufficient pool of intestinal lipid stores retained in the enterocyte after fat ingestion.
Differential Expression of Proteins in Duodenal Biopsy Specimens From Subjects Administered Glucose or Water After a High-Fat Liquid Meal
Untargeted proteomic analysis of duodenal biopsy specimens identified 2919 proteins, with 2900 present in both water and glucose ingestion conditions, only 9 were identified in response to glucose and only 10 were identified in response to water ingestion ( Figure 6A ). A total of 48 of these proteins were present at relatively lower levels and 86 were present at relatively higher levels in response to glucose compared with water (Table 4 ). After correction for multiple statistical tests, the relative levels of 7 proteins remained significantly different between treatments.
The differentially expressed proteins (defined as P < .05 between treatment groups) were classified into broad groups based on gene ontology (GO) terms for biological processes and molecular functions (Table 5, Figure 6B ). Among the 48 proteins present at relatively lower levels in response to glucose, protein folding/transport (19%), immune response (15%), and transcription/RNA processing/translation (15%) were the most abundant functions. Of the 86 proteins present at relatively higher levels in response to glucose, those involved in protein metabolism (21%), mitochondria/redox (16%), and transcription/RNA processing/translation (15%) were the most abundant. Interestingly, in response to glucose compared with water ingestion, histone proteins were present at relatively lower levels, while those involved in carbohydrate metabolism, ion transport, and lipid metabolism all were present at relatively higher levels. Because our goal was to identify mechanisms by which intestinal lipid stores are mobilized in response to glucose ingestion, we then specifically examined lipid metabolismrelated proteins. Of the 2919 proteins identified, 270 (9%) are known to be involved in lipid/lipoprotein metabolism and transport. The majority of these proteins are involved in FA modification, metabolism, and transport (32%, cluster 4) and lipoprotein metabolism (23%, cluster 2); however, proteins involved in cholesterol/steroid metabolism (cluster 3), TG/phospholipid metabolism (cluster 1), lipid binding, eicosanoid metabolism, CLD storage/metabolism, and CM trafficking also were identified ( Figure 6C and D). In response to glucose compared with water ingestion, 9 of these lipid-related proteins were present at relatively higher levels (P < .05) ( Table 6 ). Of note, ethanolaminephosphotransferase 1 was identified only in response to glucose ingestion.
A similar comparative proteomic analysis was performed in response to glucose or water ingestion after a longer, overnight fast after the ingestion of a high-fat meal (samples collected 10 hours after a high-fat meal and 1 hour after glucose/water ingestion), in which there were no observed differences in enterocyte CLD stores. This analysis identified 1683 proteins, with 1673 common to both groups, 9 identified only in response to water, and 1 identified only in response to glucose ingestion ( Figure 7A ). The 96 proteins that were differentially present in this analysis are involved in a variety of cellular processes, with a greater proportion of proteins associated with transcription and translation (GO terms) compared with the initial study (Tables 7 and 8, Figure 7B ). The 186 lipid metabolism-related proteins identified in this analysis are involved in similar processes as the initial study ( Figure 7C and D); however, none of the 6 lipid metabolism proteins that were differentially present in response to glucose compared with water ingestion were the same as those identified at 6 hours after ingesting a high-fat meal ( Table 9 ). Only identified in response to glucose. 
Discussion
In the current study we investigated the effect of oral glucose ingestion on lipid stored in the intestine from a previous meal. We not only confirmed the ability of oral glucose to mobilize intestinal lipid stores and increase plasma CM TGs, but also expanded this observation with high-quality visualization of subcellular CLDs and lipids within the secretory pathway, as well as an examination of the intestinal proteome, to explore cellular mechanisms. Through detailed quantitative analysis of subcellular lipid depots, we showed that glucose ingestion reduced both the number and size of CLDs within enterocytes. Furthermore, our proteomic analysis of duodenal biopsy specimens showed marked differential presence of intestinal proteins in response to oral glucose compared with water, some of which may be involved in regulating the mobilization of intestinal lipid stores.
The results of the current study provide further evidence that lipid can be retained within the small intestine for many hours after fat ingestion and subsequently mobilized by a stimulus, as reviewed in the introduction. Although visualization of lipid depots in jejunal biopsy specimens was reported in a previous study, 9 our study added to the literature with examination of duodenal biopsy specimens and provided visualization of the subcellular localization of lipid droplets in the cell and in the secretory pathway. We detected the presence of abundant lipid depots, especially CLDs, within the duodenal enterocytes of subjects who ingested a high-fat meal 6 hours before the biopsy and water 1 hour before the intestinal biopsy (ie, the control study). This lipid retention in duodenal enterocytes was seen at a time that plasma TGs had almost returned to baseline, clearly showing that lipids are being retained in the intestine. Glucose ingestion acutely (within 1 hour) reduced the total amount of lipid retained in enterocytes, providing evidence of glucose-stimulated lipid mobilization. This corresponded to a spike in total plasma TGs, which was mainly owing to an increase in CM TGs. Because there was no other food intake during the study period, the high-fat liquid meal likely was the source of this TG spike. Together, these results suggest that considerable dietary lipid is retained in intestinal CLDs well into the late postprandial period, which subsequently can be mobilized and secreted within CMs. Although the results of the current study show an intracellular mechanism of CLD mobilization, lymph flow and mobilization of extracellular (eg, in lamina propria) CMs also could contribute to the overall mobilization of intestinal lipid stores. Glucose in the luminal fluid increases sympathetic activity, leading to vasodilation of the submucosal arterioles, and enhances intestinal blood flow in rodent models. Changes in vasodilation and blood flow and the potential in mediating the total response of lipid mobilization to glucose ingestion were not assessed in the current study. Increased insulin secretion after glucose ingestion also may lead to vasodilation in muscle. This may help mobilize total TG stores, but the effects of insulin on CLD mobilization are unknown. These aspects warrant further study using animal models. This study identifies CLDs as dynamic and regulated lipid storage depots that mediate intestinal lipid handling and CM secretion. The ability to store TGs in CLDs and mobilize this lipid pool at later times likely contributes to the efficiency of dietary fat absorption and helps prevent toxicity both locally within enterocytes as well as systemically. 4, 16, 17 In the enterocyte, CLDs provide a buffering depot for lipids that cannot be rapidly incorporated into CMs for secretion. Systemically, this process also may attenuate an otherwise rapid increase in postprandial lipids that could overwhelm the lipid storage and buffering capacity of adipose tissues, resulting in fatty acid spillover and lipotoxicity. 21 Furthermore, early postprandial CLD mobilization may serve as a priming function for the enterocyte's CM assembly and secretion pathway, which needs to rapidly and efficiently cope with the large influx of ingested dietary lipids during food ingestion. Quantifying lipid depots in subcellular compartments and organelles, such as detailed assessment of size distribution of chylomicrons within Golgi, may yield important information on the underlying mechanism, which was not possible with EM visualization. Together with the increase in plasma and CM TG concentrations, the results of the current study support that oral glucose functioned as a stimulus to mobilize enterocyte lipid stores for use in CM synthesis and secretion. Based on the known and well-described biology of CM assembly and secretion, 2 it is hypothesized that glucose ingestion would have initiated a sequence of events, including hydrolysis of CLD TGs, TG resynthesis in the ER membrane, CM assembly and secretion from the enterocytes, and CM transport through the lymphatics into circulation. It remains to be determined if other stimuli for intestinal lipid mobilization (eg, sham fat feeding 8 and GLP-2 19 ) mobilize intestinal lipids by a similar mechanism, and whether their effects are quantitatively similar to that of oral glucose. Although glucose ingestion may stimulate the secretion of GLP-2, which mobilizes CM release, the observed effects of glucose ingestion on CLDs was unlikely owing to GLP-2 secretion. GLP-2 concentrations after 25-gram glucose ingestion is unknown and was not measured in this study because of a lack of blood samples with dipeptidyl peptidase-4 inhibitor. In healthy subjects, a standard oral glucose tolerance test (75 g D-glucose) increased plasma glucose concentrations from approximately 5 to approximately 9 mmol/L, and plasma GLP-2 concentrations from approximately 15 to 49 pmol/L. 22 Mixed meal ingestion increased plasma GLP-2 (intact, 16 ± 3 to 73 ± 10 pmol/L at 90 min), and subcutaneous injection of 400 ug GLP-2 increased intact GLP-2 to maximally 1493 ± 250 pmol/L at 45 minutes in healthy volunteers. 23 In our previous study in which GLP-2 promoted release of preformed chylomicrons, a more than 3-fold higher dose of GLP-2 was used (1500 ug), 19 which is expected to increase circulating GLP-2 even more significantly. In addition, because GLP-1 and GLP-2 are co-secreted, glucose ingestion-stimulated secretion of GLP-2 is accompanied by secretion of GLP-1, which is known to suppress CM secretion. 24 Interestingly, we found that the effects of glucose ingestion are dependent on sufficient lipid stores within the enterocyte. After prolonged fasting (10 hours after fat ingestion), which resulted in a significant reduction in intestinal CLD stores, glucose had no effect on intestinal lipid stores. To gain further insight into proteins potentially regulating the observed glucose-stimulated lipid mobilization within the small intestine, we performed a comparative proteomic analysis of the duodenal biopsy specimens in response to glucose compared with water ingestion. Previous studies have used both untargeted and targeted approaches to identify duodenal proteins in insulinresistant compared with insulin-sensitive individuals, but these duodenal tissue samples were collected in the fasted state. 25, 26 Although validation of the presence of the identified proteins within the small intestine by additional methods is needed, the present study provides us with candidate proteins that are present in the duodenum in response to dietary fat and glucose ingestion. This study also identified potential glucose-regulated proteins within the duodenum, some of which also may be involved in regulating glucose-stimulated mobilization of lipids from the small intestine. In the current study we initially used a P value less than .05 as the cut-off value to identify proteins differentially present between treatment groups. After Bonferroni correction for multiple comparisons, a few proteins were still present at significantly different levels between the groups. It is important to note that the Bonferroni correction is a stringent correction factor that minimizes false-positive results, but it also increases falsenegative results. Therefore, although this correction factor helps prioritize candidate proteins for further investigation, the current proteomic analysis is a hypothesisgenerating experiment, and it is therefore also important to not completely disregard the proteins that were no NOTE. Duodenal biopsy samples were collected 10 hours after lipid and 1 hour after glucose or water ingestion from patients undergoing a diagnostic endoscopy (n ¼ 5 patients per group). Proteins that were identified in at least 3 samples in both groups and present at relatively different levels (P < .05, t test), or at least 3 samples in 1 group and 0 samples in the other group, are shown. Average fold changes of proteins in response to glucose relative to water consumption are presented. Numbers in the "Fold change" column represent how much higher (or lower if negative) the protein levels were in the glucose group compared with the water group. AMBP, alpha-1-microglobulin/bikunin precursor; AP-2, adaptor protein complex 2; ATP, adenosine triphosphate; ATPase, adenosine triphosphatase; GTPase, guanosine triphosphatase; rBAT, neutral and basic amino acid transport protein; redox, reduction-oxidation; tRNA, transfer ribonucleic acid. a Only identified in response to water. b Only identified in response to glucose.
longer present at significantly different levels after this correction.
To identify proteins potentially involved in regulating glucose-stimulated lipid mobilization from the small intestine, we performed a targeted search of our proteomics data to identify proteins with known roles in intestinal lipid/ lipoprotein metabolism and transport. The results suggest differential regulation of proteins involved in fatty acid metabolism, cholesterol synthesis, and lipid binding. Little is known about the particular roles of these proteins within the small intestine specifically. However, acyl-coenzyme A binding protein previously was shown to be present at high levels in mouse intestinal epithelium and to co-localize with fatty acid binding protein 2 (intestinal fatty-acid binding protein). 27 Fatty acid binding protein 2 also was identified in the current study but was present at similar levels in both treatments. Interestingly, we found that ethanolaminephosphotransferase 1 was relatively up-regulated by glucose ingestion. This protein is involved in the synthesis of phosphatidylethanolamine. 28 Mutations in several enzymes involved in phospholipid synthesis are associated with diseases including fatty liver, lipodystrophy, and obesity. 29 In addition, altering the phospholipid composition of CLDs, CMs, and the ER all have the potential to impact lipid storage and secretion, such as in phospholipid remodeling protein lysophosphatidylcholine acyltransferase-3 deficiency. 30 Therefore, it is possible that higher levels of ethanolaminephosphotransferase 1 in the intestine in response to glucose has an impact on membrane composition of the ER and/or CMs that ultimately promotes CM secretion. Validation of the presence and localization of these proteins within the small intestine, which was not possible owing to a lack of suitable samples in this study, is required in future studies, but their initial identification and differential presence in the 2 treatment groups suggests there may be a general increase in intestinal lipid metabolism in response to glucose consumption. Furthermore, the differentially present lipid metabolism-related proteins identified in biopsy specimens after prolonged (10 hours) fasting were not the same as those identified in the shorter (6 hour) fasting study, but they were involved in similar processes. This suggests that glucose may exert different regulatory effects depending on dietary status (ie, when the last meal was consumed).
Interestingly, we did not see differences in the levels of several proteins with established roles in CM synthesis and secretion or CLD metabolism between treatments. We identified both perilipin 2 and perilipin 3, which play roles in regulating CLD storage, 31 but these proteins were present at similar levels in both treatment groups. In addition, we only identified 1 of the 4 enzymes involved in cytoplasmic TG lipolysis, monoacylglycerol lipase, in the current study, and it was not differentially present in response to glucose compared with water ingestion. This is consistent, however, with the lack of identification of any cytoplasmic lipases other than monoacylglycerol lipase within duodenal tissues collected from fasted insulin-sensitive or insulin-resistant individuals. 26 It is possible that these proteins are present at levels below the mass spectrometry detection limit, and/ or that other enzymes or pathways play more of a role in TG mobilization from enterocytes under the conditions of the current study. In fact, we identified lysosomal acid lipase, which hydrolyzes TGs within the lysosome during lipophagy, 32 at similar levels in both treatment groups, along with several other lipases. We also identified key proteins involved in CM synthesis and trafficking (apolipoprotein B, microsomal triglyceride transfer protein, secretion associated ras related GTPase 1B), but again did not see differences in their protein levels in response to glucose compared with water ingestion. However, it still is possible that glucose ingestion alters the activities (eg, through phosphorylation) or subcellular localization of proteins involved in CM synthesis and CLD metabolism, which requires further investigation in future studies. To examine whether proteins without known roles in lipid metabolism are involved in the observed glucosestimulated mobilization from the small intestine, we also examined non-lipid-related proteins. This analysis showed that glucose down-regulated syntaxin-binding protein 5. This protein has been shown to be a negative regulator of soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) protein assembly required for insulin exocytosis in b cells. In addition, glucose has been shown to inhibit syntaxin-binding protein 5 and induce its degradation in these cells to promote insulin secretion. 33 Furthermore, it regulates vesicle exocytosis in other cell types, including platelets and endothelial cells. 34 In enterocytes, SNARE complex is required for prechylomicron transport vesicle intracellular transport during chylomicron synthesis and secretion. After budding from the ER, prechylomicron transport vesicles are directed by vesicle SNARE toward the Golgi. Vesicle associated membrane protein 7 of the vesicle SNARE joins with syntaxin-5, rbet1, and vti1a of the target SNARE to form the SNARE complex, which facilitates docking and fusion of prechylomicron transport vesicle with the Golgi membrane. 35 The roles of syntaxin-binding protein 5 in enterocytes are not elucidated, but our data suggest that glucose negatively regulates this protein in enterocytes, and that this regulation may have an impact on intestinal lipid mobilization. Another protein that draws attention is epimerase family protein SDR39U1, which was up-regulated by glucose. This protein is expressed in small intestine, including the duodenum. 36 It belongs to a family of enzymes involved in the metabolism of a large variety of compounds, including steroid hormones, prostaglandins, retinoids, lipids, and xenobiotics. 37 Genetic defects in SDR genes underlie several inherited metabolic diseases. 38 Further investigation into the intestine-specific functions of these proteins would be beneficial because of their possible involvement in glucosestimulated lipid mobilization from the intestine.
Conclusions
Here, we present evidence from both in vivo lipid responses and intestinal biopsy specimens that support a role of glucose ingestion in mobilizing lipid stores from the human intestine. Glucose ingestion mobilizes enterocyte CLDs to provide substrate for CM synthesis and secretion, likely involving multiple molecular players. Although the precise mechanisms by which intestinal lipid stores are mobilized remain unknown, the current study has highlighted candidate proteins and pathways that may regulate this process and can inform future studies investigating the regulation of this process. An increased understanding of the regulation of intestinal lipid storage and mobilization may help provide novel dietary guidance for lowering blood TG levels and identify novel therapeutic targets for treatment of hypertriglyceridemia to reduce cardiovascular disease risk.
Materials and Methods
Aim 1
Subjects. Six healthy men were recruited through advertisement in a local newspaper. Subjects were in good health, with no known medical conditions, and were not taking any medication. The study protocol was approved by the Research Ethics Board at the University Health Network, Laboratory analysis. TRL was first isolated as previously described. 24 CM and VLDL-sized particles were isolated further from TRL, according to a previously described method with modifications. 19 Study protocol. After providing informed consent, participants were block-randomized to receive either oral glucose or water treatment. At 7 AM after an overnight fast (referred to as t ¼ 0), subjects ingested a 100-mL high-fat liquid meal containing 50 g of fat (Calogen; Nutricia Advanced Medical Nutrition). Five hours later (t ¼ 5 h), subjects ingested either a glucose solution (50%, 50 mL) or 50 mL water. One hour after ingesting either glucose or water (t ¼ 6 h), duodenal biopsy samples were obtained during an endoscopy. Although quantitatively jejunum is responsible for the majority of lipid absorption, active absorption also occurs in duodenum 40 and obtaining biopsy specimens from the duodenum as compared with jejunum is more technically feasible and was acceptable to our human ethics review committee. Samples were snap-frozen in dry ice and stored at -80 C for later proteomic analysis or preserved in 2.5% glutaraldehyde in 0.1 mol/L sodium cacodylate (pH 7.4) and stored at 4 C for electron microscopy.
Delayed fasting. To further examine the time course of fat retention in the intestine and its subsequent mobilization by oral glucose, duodenal biopsy specimens were taken from an additional 10 individuals. These individuals were randomly assigned to ingest glucose or water 9 hours after ingestion of the high-fat liquid meal, which was administered at 10 PM the night before undergoing the gastroduodenoscopy. The study protocol was otherwise identical to that described earlier for aim 2.
Transmission electron microscopy. Duodenal biopsy samples were immediately fixed using 2.5% glutaraldehyde in 0.1 mol/L sodium cacodylate (pH 7.4) and stored at 4 C until processed. The tissues then were fixed with a secondary fixative, 1% osmium tetroxide in 0.1 mol/L sodium cacodylate (pH 7.4) for 1 hour at room temperature, washed repeatedly in distilled deionized water, dehydrated with a graded series of ethanol, and embedded in Embed 812 resin (Electron Microscopy Sciences, Hatfield, PA). Thick sections (0.5 mm) were stained with 1% toluidine blue and examined by light microscopy to confirm tissue orientation. Thin sections (80 nm) were cut on a Leica (Leica Microsystems Inc, Buffalo Grove, IL) UC6 ultramicrotome and stained with 2% uranyl acetate and lead citrate. Images were either acquired on a Tecnai T20 transmission electron microscope (FEI, Hillsboro, OR) equipped with an LaB6 source and operating at 100 kV, or a CM-100 transmission electron microscope (FEI/Philips, Hillsboro, OR) operating at 80 kV. Intact enterocytes were examined for the presence of CLDs (40-63 enterocytes/sample, 5 or 12 samples/group). Quantitative analyses were performed on enterocytes containing CLDs. The number of CLDs per enterocyte was counted and the diameters of individual CLDs were measured using ImageJ software (NIH, Bethesda, MD). Measured diameters were used to estimate the area of individual CLDs (area ¼ p (diameter/2) 2 ), and the total CLD area per enterocyte was estimated by multiplying the average CLD area by the average CLD number. Qualitative assessments of lipids within the secretory pathway (ER, Golgi, and secretory vesicles) were made with a ranking system. Because it was too difficult to determine quantitatively the area of lipids within the secretory pathway, an inhouse ranking system was used to arbitrarily classify each enterocyte as containing high, moderate, or low lipid content. Individual enterocytes were classified as containing low, moderate, or high amounts of secretory lipid, and then this information was used to assign each biopsy sample an overall ranking of low, moderate, or high. Previous electron microscopic analyses of intestinal lipid stores were used as a reference for the identification of intestinal lipid storage pools in the current study. [41] [42] [43] [44] [45] Sample preparation for liquid chromatography-mass spectrometry/mass spectrometry analysis. Biopsy samples were washed once with 100 mL purified water followed by 100 mL washes using 100 mmol/L ammonium bicarbonate until the supernatant was clear, to remove the presence of blood in some samples. Tissue samples then were placed into 2-mL reinforced tubes containing 2.8-mm ceramic (zirconium oxide) beads (Cayman Chemical, Ann Arbor, MI). A total of 200 mL of 100 mmol/L ammonium bicarbonate was added to each sample, and the tubes were loaded into a Precellys 24 homogenizer (Berlin Instruments, Rockville, MD). The tissue was homogenized at 6500 rpm using 3 cycles of 20 seconds each. Protein concentrations were determined for each of the tissue solutions using a Pierce BCA assay kit (Thermo Scientific, Waltham, MA). An aliquot containing 100 mg protein was taken for processing. Before the digestion, the protein was precipitated and concentrated from solution using acetone. After drying the precipitated pellets, the protein samples were reduced using 10 mmol/L 1,4-dithiothreitol followed by alkylation using iodoethanol. Sequence grade Lys-C/Trypsin (Promega, Madison, WI) was used to enzymatically digest the protein samples in the Barocycler NEP2320 (Pressure Biosciences, Inc, Easton, MA) at 50 C under 20,000 psi for 1 hour. Digested samples were cleaned using C18 spin columns (Nest Group, Southborough, MA) and dried. Resulting pellets were resuspended in 97% purified water/3% acetonitrile/ 0.1% formic acid before liquid chromatography/mass spectrometry analysis.
Liquid chromatography-mass spectrometry/mass spectrometry. Digested samples were analyzed using the Dionex UltiMate 3000 RSLC Nano System coupled to a Q Exactive HF Hybrid Quadrupole-Orbitrap Mass Spectrometer (Thermo Fisher Scientific). Peptides generated during the digestion were loaded onto a 300 mm inner diameter Â 5 mm C18 PepMap 100 (Thermo Fisher Scientific) trap column and washed with 98% purified water/2% acetonitrile/0.01% formic acid using a flow rate of 5 mL/min. The trap column was switched in-line with the analytical column after 5 minutes, and peptides were separated over a 75 mm Â 150 mm reverse-phase Acclaim PepMap RSLC C18 analytical column using a 120-minute method at a flow rate of 300 nL/min. Mobile phase A contained 0.01% formic acid in water and mobile phase B consisted of 0.01% formic acid in 80% acetonitrile. The linear gradient began at 5% B and reached 30% B in 80 minutes, 45% B in 91 minutes, and 100% B in 93 minutes. The column was held at 100% B for the next 5 minutes before returning to 5% B, where it was equilibrated for 20 minutes. Samples were injected into the QE HF through the Nanospray Flex Ion Source fitted with a stainless-steel emission tip (Thermo Scientific). Data acquisition was performed by monitoring the top 20 precursors at 120,000 resolution with an injection time of 100 ms.
Proteomic data analysis. The results from the mass spectrometer were processed using the MaxQuant (Max-Planck Institute for Biochemistry, Martinsried, Germany) computational proteomics platform. 46 The peak list generated was searched against the Homo sapiens sequences from UniProt and a common contaminants database. The following settings were used for the MaxQuant run: trypsin and Lys-C digestion enzymes with 2 missed cleavages allowed, ethanolyl addition to cysteine as a fixed modification, N-terminal acetylation and oxidation of methionine as variable modifications, with 3 modifications allowed for each peptide, default Orbitrap parameters, minimum peptide length of 7 amino acids, label-free quantification was selected, match between runs was selected and the interval was set to 1 minute, and the protein false-discovery rate was set to 1%. An in-house script was used to perform the following on the MaxQuant results: remove all of the contaminant proteins, log transform (log 2 [x]) the label-free quantification intensity values, and input missing values using half of the highest intensity when all the values for a given protein were missing in 1 group and present in at least 3 samples of the other group. Only proteins that were identified in at least 3 samples in 1 treatment group were considered present in the duodenal biopsy samples. Only the relative label-free quantification values of proteins that were identified in at least 3 samples in both treatment groups, or identified in at least 3 samples in 1 treatment group and 0 samples in the other treatment group (imputed values used) were compared statistically. The statistical analyses were performed in the R environment (www.cran. r-project.org). A t test was performed on the label-free quantification intensities, with a P value < .05 considered a statistically significant difference between the groups. The differentially present proteins were classified into broad groups based on GO terms for biological process or molecular function using the Database for Annotation, Visualization, and Integrated Discovery version 6.7 and the UniProt database. Proteins with GO terms related to lipid (TG, phospholipid, cholesterol, and fatty acid) metabolism, lipoprotein metabolism and transport, and CLD storage and metabolism were identified and classified using the Database for Annotation, Visualization, and Integrated Discovery functional annotation clustering and functional annotation tables as well as the UniProt database. Protein-protein interactions were visualized with Search Tool for the Retrieval of Interacting Genes/Proteins version 10.5 using the confidence view (high confidence, score 0.700).
Statistical analysis. Data are presented as means ± SE.
Plasma glucose concentrations, plasma TG concentration vs time curves, and lipoprotein fractions (TRL, CM, and VLDL) were compared using repeated-measures analysis of variance with post hoc analysis using a paired t test. Mean CLD numbers, diameters, and areas were compared using a t test. CLD diameter distribution was compared with the Kolmogorov-Smirnov test. Secretory lipids were assessed using a Fisher exact test.
